Approximately 10-15% of human cancers do not show evidence of telomerase activity, and a subset of these maintain telomere lengths by a recombination-based mechanism termed alternative lengthening of telomeres (ALT). The ALT phenotype, relatively common in certain sarcomas and germ cell tumors, is very rare in carcinomas. In this study we describe evidence for the ALT phenotype in molecular subclasses of breast carcinoma, specifically a subset of cancers with HER-2 overexpression. Tissue microarrays were created from 71 invasive ductal carcinomas of the breast categorized into subclasses, and telomere lengths were directly assessed using fluorescence in situ hybridization with combined promyelocytic leukemia (PML) protein immunofluorescence. The ALT phenotype was identified in 3 of 21 HER-2-positive cases, but in none of the other 50 cases (P ¼ 0.023). This is the first direct observation of this mechanism of telomere maintenance in breast carcinoma unrelated to Li-Fraumeni syndrome. The correlation of the ALT phenotype with HER-2 positivity, both of which involve abnormal DNA amplification, suggests a possible common underlying mechanism. This telomere phenotype confers a poor prognosis in some cancers; two of the three cases in our study showed rapid tumor progression, possibly suggesting that it may adversely affect outcome in breast carcinoma as well. As cancers using the ALT pathway are predicted to be resistant to therapies based on telomerase inhibition, these results may have therapeutic consequences.
Breast cancer is the most common cancer among women worldwide, and accounts for 18% of all female malignancies. 1 Infiltrating duct carcinoma is the most frequent histological type of breast cancer, accounting for approximately 68% of cases. 2 Recently, a breast cancer taxonomy based on gene expression profiling with DNA microarrays has led to the characterization of four main breast cancer subgroups, which seem to arise from distinct cell types with unique biologic functions. 3 These groups are: luminal A (defined by a significant expression of estrogen receptor (ER) and luminal epitheliumrelated genes and low histological grade), luminal B (defined by lower levels of ER expression and higher histological grade), HER-2 positive (defined by a low expression of estrogen-related genes and high expression of HER-2-related genes), and basal-like (defined by a low expression of ER and HER-2-related genes and a high expression of myoepithelium-related genes). 3, 4 These subgroups predict prognosis and therapeutic response. 3, 5 The lowgrade luminal A tumors are usually indolent and sensitive to anti-estrogen therapy. Tumors that are both HER-2 positive and ER positive, including luminal B cancers, are less sensitive to hormonal therapy and often carry a worse prognosis. HER-2-positive cancers, which tend to be of high grade, aggressive, and carry a poor prognosis, respond to trastuzumab, a humanized anti-HER-2 antibody. Basal-like cancers are also associated with a worse prognosis, 6 both because of the underlying aggressive behavior and lack of targets for hormonal-or antibody-based targeted therapy. Identifying additional molecular markers that distinguish subsets of these classes may yield more detailed prognostic information or carry therapeutic implications.
One such marker is found in the different ways immortalized cells maintain telomere length. Most human cancers (approximately 85%) express telomerase, 7 an enzyme that maintains stable chromosomal telomere length and permits unlimited replication. The remaining 10-15% of human cancers do not show evidence of telomerase activity, and a fraction of these maintain telomere lengths by a recombination-based mechanism termed alternative lengthening of telomeres (ALT). The ALT phenotype is commonly identified in adult sarcomas (such as osteosarcomas and liposarcomas), 8, 9, 10 astrocytomas and glioblastomas, 8, 11 and testicular germ cell tumors, but is extremely rare in carcinomas. 12, 13 At the cellular level, ALT is distinguished by the presence of the so-called ALT-associated promyelocytic leukemia (PML) protein nuclear bodies (APBs) that contain large amounts of extra-chromosomal telomeric DNA, PML protein and other proteins involved in telomere binding, DNA replication, and recombination. APBs may be the site of telomere lengthening, or they may hold the protein complexes required for elongation. 14 PML nuclear bodies are normally involved in tumor-suppressor functions such as apoptosis and senescence mediated by p53, and Rb-associated repression of transcription. 15, 16 In ALT-positive cell lines, bright telomere fluorescence in situ hybridization (FISH) signals in the APBs co-localize with PML protein immunofluorescence staining. There is a marked telomere length heterogeneity in ALT-positive cells, as well as chromosomal instability because of the fusions of subsets of chromosomes with very long or short telomeres.
A recent study showed that the mechanism of ALT telomere maintenance was common in highfrequency microsatellite-unstable gastric carcinomas (33%); 17 ALT has also rarely been described in adrenocortical carcinoma. 12 However, the ALT mechanism is extremely rare in carcinomas overall, and when identified, is in cell lines that may not reflect in vivo conditions. Although breast carcinomas expressing telomerase activity have been shown to result in poor clinical outcomes, 18 the ALT expression in breast cancer has only been reported once in a patient with Li-Fraumeni syndrome. 13 In that case, ALT was detected indirectly using a combination of telomerase assays and Southern blotting. The frequency of the ALT phenotype in molecular subclasses of breast carcinoma has not been systematically evaluated. This study is the first to evaluate ALT expression in breast cancer using direct methods (ie, telomere FISH with combined PML immunofluorescence).
Materials and methods

Institutional Review Board Approval
This study was approved by the institutional review board of The Johns Hopkins Medical Institution.
Case Selection and Tissue Microarray Construction
We reviewed cases of invasive ductal carcinoma, resected and processed at our institution, between the years 2001 and 2007. All of these cases were processed uniformly, in that they were sectioned in a fresh state, and fixed overnight in 10% neutral buffered formalin before processing to ensure 24 to 33 h of formalin fixation. Tumors showing processing artifacts (eg, incomplete sections in which fat did not stick to the hematoxylin and eosin-stained slides), of small size (o1 cm), or treated with neoadjuvant chemotherapy, were excluded from consideration.
Tissue microarrays were constructed as previously described. 19 Each array contained 99 tissue cores, each 1.4 mm in diameter. These were arranged as 9 rows, each with 11 columns. Column 6 consisted of various unrelated control tissues, leaving 90 cores on the array for carcinoma samples. For each carcinoma case, five areas were identified on the hematoxylin and eosin slides, punched from the corresponding donor blocks, and placed on the array. Therefore, each array contained 18 different breast tumors. Among the five samples of each case, we attempted to include normal tissue and carcinoma in situ in one sample if possible, leaving four to five cores of infiltrating carcinoma per case.
Immunohistochemistry Methods and Scoring
Immunohistochemistry for ER, progesterone receptor (PR), and HER-2 were previously performed on all cases as part of a routine panel applied to any infiltrating ductal carcinoma at The Johns Hopkins Hospital. The slides were reviewed by two of the authors (APS and PA) to confirm the reported interpretation. Immunohistochemical labeling was performed using standard methods. ER and PR staining was performed on the Benchmark XT autostainer (Ventana Medical Systems Inc., Tucson, AZ, USA) using I-View detection kit. The antibodies, dilutions, and sources were as follows: ER, monoclonal antibody; 1:1 dilution, Ventana, catalog no. 76O-2596; PR, monoclonal antibody, 1:60 dilution, DAKO, catalog no. M3569. Tumors showing weak, moderate, or strong nuclear labeling for ER or PR in 41% of the cells were considered ER positive or PR positive, respectively. HER-2 immunohistochemistry was performed using the DAKO Herceptest kit according to the manufacturer 0 s standard protocol. The tumors were scored using established criteria as 0 or 1 þ (negative), 2 þ (equivocal), and 3 þ (positive). FISH analysis for HER-2 amplification was performed on all cases with 2 þ (equivocal) immunohistochemistry results using the Path Vysion kit (Des-Plaines, IL, USA). To qualify as HER-2 positive for this study, a case had to show either 3 þ (strong positive) staining or a HER-2 FISH amplification ratio of 44.0. Cases with equivocal ratios (1.8-2.2), or low-level amplification (ratios 2.2-4.0) were excluded from this study because of their uncertain clinical significance.
Cytokeratin 5/6 (CK 5/6) immunohistochemistry was performed on whole sections of tumors that were negative for ER, PR, and HER-2 to identify basal-like cases, because labeling can be focal. CK 5/6 staining was performed using the Benchmark XT autostainer (prediluted monoclonal antibody, DAKO, catalog no. M7237). Cases were scored on the basis of the percentage of positive cells into 1 þ (1-25%), 2 þ (26-50%), 3 þ (51-75%), and 4 þ (76-100%) categories. For this study, cases that showed convincing membranous or cytoplasmic labeling in 425% of the neoplastic cells were considered positive. Cases with equivocal or less extensive labeling, which was difficult to distinguish from biotin artifact, were excluded from the study. Immunohistochemistry for epidermal growth factor receptor (EGFR) was performed on cases negative for ER, PR, and HER-2 to identify additional basal-like cases. EGFR labeling was performed using the monoclonal antibody from Zymed, catalog no. 28005, at 1:50 dilution, and the capillary action HRP/DAB detection system (catalog no. 2402, Signet Laboratories Inc., Dedham, MA, USA). Any strong membranous staining for EGFR was considered a positive result. Cases were scored on the basis of the percentage of positive cells into 1 þ (1-25%), 2 þ (26-50%), 3 þ (51-75%), and 4 þ (76-100%) categories. In general, positive cases showed labeling in 10-50% of the neoplastic cells.
In addition, p53 (Ventana, monoclonal antibody, catalog no. 760-2542) and Ki-67 (Ventana, monoclonal antibody, catalog no. M7240) immunohistochemistry were performed on the Benchmark XT autostainer. For p53 and Ki-67, only nuclear labeling was scored. For p53, labeling of 430% of the nuclei was considered aberrant overexpression, and labeling of less than 30% of the nuclei was considered negative for aberrant overexpression; 30% labeling of nuclei was considered equivocal. The Ki-67 index reflects the mean index of the 4-5 tumor samples per case.
Telomere-Fish (Tel-Fish) and Telomere/ Immunostaining-Fish (Teli-Fish)
As previously described, 20 deparaffinized slides were hydrated through a graded ethanol series, placed in deionized water, followed by deionized water plus 0.1% Tween-20 detergent for 1 min. They were then placed in citrate buffer (catalog no. H-3300; Vector Laboratories, Burlingame, CA, USA), and steamed for 14 min (Black and Decker Handy Steamer Plus; Black and Decker Corp., Towson, MD, USA), removed, and allowed to cool at room temperature for 5 min. They were then placed in PBS with Tween (PBST) (catalog no. P-3563; Sigma Chemical Co., St Louis, MO, USA) for 5 min. The slides were thoroughly rinsed with deionized water, followed by 95% ethanol for 5 min, and then air-dried. Twenty-five microliters of a Cy3-labeled telomere-specific peptide nucleic acid (PNA) (0.3 mg/ml PNA in 70% formamide, 10 mmol/l Tris, pH 7.5, 0.5% B/M Blocking reagent (catalog no. 1814-320; Boehringer-Mannheim, Indianapolis, IN, USA)) was applied to the sample, which was then coverslipped, and denaturation was performed by incubation for 4 min at 83 1C. The slides were then moved to a dark, closed container for hybridization at room temperature for 2 h. Coverslips were then carefully removed and the slides were washed twice in PNA wash solution (70% formamide, 10 mmol/l Tris, pH 7.5, 0.1% albumin (from 30% albumin solution, catalog no. a-7284; Sigma)), followed by 3 Â 5-min washes in TBST.
At this point, slides were either counterstained with 4 0 -6-diamidino-2-phenylindole (DAPI) (500 ng/ ml in deionized water, Sigma Chemical Co., Cat no. D-8417) for 1 min at room temperature, mounted with Prolong anti-fade mounting medium (catalog no. P-7481; Molecular Probes Inc., Eugene, OR, USA), and imaged, or were further processed for indirect immunofluorescence as follows. The slides were rinsed in PBST followed by application of primary antibody (anti-smooth muscle actin, Dako, Carpinteria, CA, USA, Cat no. m0851 or anti-PML antibody, Dako Cat no. PG-M3 diluted 1:100) and incubated overnight at 4 1C. They were then rinsed in PBST followed by application of goat anti-rabbit or goat anti-mouse IgG fraction Alexa Fluor 488 fluorescent secondary antibody (Molecular Probes Cat nos. A-11034 and A-11001, respectively) diluted 1:100 in Dulbecco's PBS, and incubated at room temperature for 30 min. They were then rinsed in PBST, and thoroughly rinsed in deionized water. The slides were drained and stained with DAPI, and were then rinsed well in deionized water, drained, mounted with Prolong anti-fade mounting medium (catalog no. P-7481, Molecular Probes Inc.), coverslipped, and imaged or stored at 4 1C until used. The PNA probe complementary to the mammalian telomere repeat sequence was obtained from Applied Biosystems (Framingham, MA, USA), and has the sequence (N-terminus to C-terminus) CCCTA ACCCTAACCCTAA with an N-terminal covalently linked Cy3 fluorescent dye. As a positive control for hybridization efficiency, an FITC-labeled PNA probe having the sequence ATTCGTTGGAAACGGGA with specificity for human centromeric DNA repeats (CENP-B binding sequence) was also included in the hybridization solution. 21 
Microscopy
The slides were imaged using Nikon 50i epifluorescence microscope equipped with X-Cite series 120 illuminator (EXFO Photonics Solutions Inc., Ontario, CA, USA) and a 100 Â /1.4 NA oil immersion Neofluar lens. Fluorescence excitation/emission filters were as follows: Cy3 excitation, 546 nm/ 10 nm BP; emission, 578 nm LP (Carl Zeiss Inc.); DAPI excitation, 330 nm; emission, 400 nm through an XF02 fluorescence set (Omega Optical, Brattleboro, VT); Alexa Fluor 488 excitation, 475 nm; emission, 535 nm through a combination of 475RDF40 and 535RDF45 filters (Omega Optical). Grayscale images were captured for presentation using Nikon NIS-Elements software and an attached Photometrics CoolsnapEZ digital camera, pseudo-colored and merged. Integration times typically ranged from 500 to 800 ms for Cy3 (telomere) and FITC (centromere) signal capture, 50 to 100 ms for the DAPI counterstain, and 100 to 200 ms for Alexa Fluor 488-conjugated antibodies.
The arrays were assessed for the presence of the ALT phenotype by two authors (APS and AKM). The ALT-positive cases were identified by large, very bright, intra-nuclear foci of telomere FISH signals marking APBs throughout the tumor cells, confirmed by co-localization of PML protein by combined PML immunofluorescence. Areas showing necrosis were excluded from consideration.
Results
Case Characterization
The 71 breast carcinoma cases on the tissue microarrays were categorized into one of the four groups based upon previously validated and accepted immunohistochemical surrogate profiles. 22, 23 A table with details of all 71 cases has been published previously. 24 In all, 17 cases were immunoreactive for ER and negative for HER-2, and were classified as luminal A tumors. The luminal A cases showed nuclear labeling for ER in at least 70% of the invasive carcinoma cells. Of the 21 HER-2 positive cases identified by 3 þ immunohistochemical stain and/or amplification ratio 44.0 by FISH, 14 were negative for ER and PR and were considered classic HER-2 cases; 11 of these cases were reported as 3 þ by immunohistochemistry, and the remaining 3 had FISH amplification ratios of 19.6, 4.1, and 14.2. There were 7 of 21 HER-2-positive cases that were immunoreactive for ER and/or PR, though to a lesser degree than the luminal A cases. These cases were therefore considered luminal B tumors. Five of these cases showed 3 þ HER-2 staining by immunohistochemistry, and the remaining two had FISH amplification ratios of 5.6 and 44.0 (not specifically quantified).
Among the 33 cases that were negative for ER, PR, and HER-2 (triple-negative carcinomas), 8 showed staining for CK 5/6 and EGFR, 9 stained for CK 5/6 but not EGFR, and 4 stained for EGFR but not CK 5/6. These 21 cases were categorized as basal-like carcinomas on the basis of published criteria. The remaining 12 cases, which were negative for ER, PR, HER-2, CK 5/6, and EGFR, were considered unclassifiable triple-negative carcinomas. Of note, the category of infiltrating ductal carcinoma, considered 'normal breast-like' by gene expression profiling, is poorly defined and lacks a validated immunohistochemical surrogate profile, and was not included in this study.
Patient Demographics, Tumor Grade, and Stage
Age, ethnicity, grade, and lymph node status of the carcinoma subclasses are summarized in Table 1 , a version of which has been published previously. 24 Luminal A cancers occurred in older patients and were more likely to be of lower Elston grade (1 and 2) (ages of luminal A vs luminal B P ¼ 0.040, vs HER-2 P ¼ 0.055, vs basal-like carcinoma P ¼ 0.0035, vs unclassifiable triple-negative carcinoma P ¼ 0.021) (grade of HER-2, basal-like carcinoma, and unclassifiable triple negative carcinoma each vs luminal A Po0.001, grade of luminal B vs luminal A P ¼ 0.21). In addition, a higher percentage of basallike carcinomas and unclassifiable triple-negative The p53 and Ki-67 Indices
The results of p53 overexpression and Ki-67 indices are summarized in Table 2 , a version of which has been published previously. 24 In total, 2 of 17 luminal A cases, 4 of 7 luminal B cases, and 8 of 14 HER-2 cases overexpressed p53, along with 10 of 21 basallike carcinomas and 8 of 12 unclassifiable triplenegative carcinomas. The p53 expression pattern between each of the HER-2, basal-like carcinoma, and unclassifiable triple-negative carcinoma groups, compared with the luminal A cancers, was significant (Po0.05), but there was no significant difference among the three former groups. Luminal B cancers showed p53 overexpression more frequently than luminal A cancers (P ¼ 0.03).
The basal-like carcinoma and unclassifiable triple-negative carcinoma groups had the highest proliferation indices among the five groups. The mean Ki-67 index for the basal-like carcinoma group was 67.5%; the mean for the unclassifiable triplenegative carcinoma group was 61.5%. HER-2-positive cases had intermediate proliferation indices: the mean Ki-67 index for the HER-2 cases was 36.5%, whereas the mean for the luminal B cases was 35.1%. Using analysis of variance, these groups showed a statistically significant difference in mean Ki-67 indices (Po0.001). As expected, luminal A cases, which included more cancers of lower grade, had the lowest Ki-67 indices. The mean Ki-67 index average for the luminal A cases was 8.6% (luminal A vs all others Po0.001).
Assessment for Alternative Lengthening of Telomeres (ALT)
The ALT phenotype was identified in 3 of 21 HER-2-positive cases (luminal B and HER-2), and was further verified by co-localization of unusually bright telomere FISH signals with PML protein, as revealed by simultaneous anti-PML immunofluorescence. A comparison of an ALT-positive case with an ALT-negative case is shown in Figure 1 The details of the three ALT-positive cases are included in Table 3 . The HER-2 amplification ratios of the three cases were 5.6, 19.6, and 4.1, respectively. All three tumors were Elston grade 3; two out of three were negative for p53 overexpression by immunohistochemistry. Histologically, they showed pleomorphic nuclei and a high proliferative rate with atypical mitotic figures, but were indistinguishable from ALT-negative HER-2-positive cases based on routine hematoxylin and eosin staining. As is consistent with descriptions of the ALT phenotype in the literature, our three cases showed scattered APBs throughout the tumor cells in all respective tissue cores, but APBs were not observed uniformly in every cell. None of the 17 luminal A cases, 21 basal-like carcinoma cases, or 12 unclassifiable triple-negative carcinoma cases showed the ALT phenotype. This difference was statistically significant (P ¼ 0.023) using Fisher's exact test.
Follow-Up on HER-2-Positive Cases
Of the three ALT-positive cases, Case 1, a 34.6-yearold female with a tumor categorized as luminal B, died of disease after 1.25 years. Case 2, a 45-year-old female with a classic HER-2 tumor, was alive without disease at 3.5 years. Case 3, a 54.7-year-old female with a classic HER-2 tumor, died of disease after 9 months.
Of the six ALT-negative luminal B cases, two died of disease with an average survival duration of 3.6 years, and four were alive without evidence of disease with an average follow-up interval of 4.8 years.
Of the 12 ALT-negative classic HER-2 cases, 2 died of disease with an average survival duration of 1.9 years; 1 was alive with disease at 2.2 years; 8 were alive without evidence of disease with an average follow-up interval of 3.5 years; and 1 patient was alive at 6.7 years but the disease status was unknown.
Discussion
Maintenance of telomeres is an essential component of cell immortalization, and is primarily accomplished through the enzymatic activity of telomerase. 27 It has been shown that introducing telomerase function in normal human fibroblasts can extend their in vitro replicative potential indefinitely. 28 Furthermore, telomerase is known to be lacking or far less active in normal somatic cells compared with the majority of human tumors studied. 14, 29 Novel chemotherapeutics targeting telomerase are being developed to exploit this differential in activity between normal somatic and malignant cells. 30 However, tumors using telomerase-independent mechanisms of telomere maintenance, such as ALT, would be expected to be resistant to such strategies; 31 such drugs might even provide evolutionary pressure to select for ALT-positive tumor clones. 32 To date, the ALT mechanism has been found most prominently in sarcomas. 8, 9, 10 It has been suggested that telomerase expression may be more stringently suppressed in mesenchymal tissues, 32, 33 potentially explaining the higher frequency of ALT in sarcomas. The ALT-positive tumors can later develop into telomerase-expressing tumors; 32 furthermore, both mechanisms of telomere maintenance can also be expressed in the same cell line. 9, 10 The ALT phenotype is now known to be a recombination-based mechanism, after telomere tagging experiments showed unique sequences from an integrated plasmid in the telomere of one chromosome increasing in number and appearing at the ends of other chromosomes. 34 Furthermore, ALT-positive cells show high frequencies of postreplicative telomeric exchanges. 35 Cell lines expressing the ALT phenotype show a wide range of telomere lengths, from a few hundred to over 50 kilobase pairs.
14 Because of the marked heterogeneity of telomere length in ALT, there is often chromosome instability due to fusions involving subsets of chromosomes with very short or very long telomeres. The telomeres of ALT-positive cells undergo gradual erosion primarily because of incomplete replication, but there can be rapid lengthening or shortening as well. 36 Analysis of the cell cycle has shown that APBs are in highest quantity during G2 phase, which seems to correspond with the elongation of telomere length in ALT-positive tumor cells.
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ERBB2 is a proto-oncogene localized to chromosome 17q that encodes a transmembrane tyrosine kinase growth factor receptor; amplification of the ERBB2 gene resulting in overexpression of the HER-2 receptor has been identified in 15-20% of invasive breast cancers. 38 Several other genes implicated in the pathogenesis of breast carcinoma are located on chromosome 17, including the tumorsuppressor genes p53 and BRCA1, and the gene for topoisomerase IIa. 39 It is therefore not surprising that up to 93% of breast tumors have whole chromosome 17 copy-number changes. 40 Reinholz et al 39 concluded in their recent review that chromosome 17 monosomy is more common in non-invasive and preinvasive breast lesions, whereas polysomy 17 is more common in invasive carcinomas. These findings support the notion that the underlying degree of chromosomal instability may correlate with the malignant progression of ductal carcinoma in situ to invasive carcinoma. 41 However, HER-2 overexpression in invasive breast cancer typically results from gene amplification independent of polysomy 17, and polysomy 17 alone does not predict a therapeutic response to anti-HER-2 therapy in the absence of increased gene copy number. 39 How ERBB2 gene amplification is promoted in HER-2 breast cancers is not well understood at this point.
In this small study, the ALT phenotype, which is virtually never observed in other carcinomas, was observed rarely in breast cancer, but it did occur preferentially in a subset of breast cancers with HER-2 overexpression. It is known that HER-2-positive breast cancers are marked by high-level gene amplifications, suggestive of a greater degree of genomic complexity and alteration. 3, 39, 42 Recent studies have assessed allelic imbalance as a marker of genome-wide instability, and have shown numerous differences in tumors with amplification of the HER-2 receptor versus those without. 43 Similarly, global copy number changes in several chromosomes, including gains of 1q, 8q, and 20q, and losses of 18q, 13q, and 3p, have been shown in a large proportion of HER-2-amplified breast cancers using comparative genomic hybridization. 44 The ALT mechanism seems to operate through break-induced replication and recombination events.
14 Such a process could lead to free chromosome ends, which then participate in end-to-end associations and induce breakage-fusion-bridge cycles, resulting in an increased number of complex chromosomal rearrangements, 45 which could theoretically contribute to the genome-wide instability that has been observed in HER-2-amplified breast cancers. Other evidences do not seem to directly implicate ALT in increases in homologous recombination events. 46, 47 Still, the observation that activation of the ALT phenotype can affect other sequences in the genome 48 raises the possibility that the ALT may have a role in the genetic pathogenesis of HER-2 amplification in some cases. We believe that our study is the first direct observation of ALT in breast carcinoma, and it has been previously described only once in a breast cancer from a patient with Li-Fraumeni syndrome. 13 In that case, ALT was detected indirectly using a combination of telomerase assays and Southern blotting. As cancers using the ALT pathway are predicted to be resistant to therapies based on telomerase inhibition, 31 these results may have therapeutic consequences. This study was not sufficiently powered to detect a difference in prognosis for ALTpositive cases. However, the presence of the ALT phenotype does predict a poor prognosis in some cancers, 10 and its prognostic significance in infiltrating ductal carcinoma of the breast should be examined in the future. The rapid tumor progression in two out of the three cases in this study at least suggests that ALT may adversely affect outcomes in a similar manner. Moreover, whether the ALT phenotype has any role in the response of HER-2-positive breast cancers to trastuzumab is a question for further study.
